Therefore, the present system may be applicable to both medical molecular biology research and diagnostics.
cytosol . cellular growth . cellular differentiation . Yoyo-l New gene sequences are discovered daily, and advanced molecular biological techniques are revolutionizing clinical practice in genetic disorders, oncology, infectious diseases, etc. Although the current major focus is on using DNA to identify disease genes, mutations, and translocations, or foreign genes as infectious agents, the analysis of specific mRNA also attracts clinical scientists who may wish to quantify specific gene expression in certain tissues and cells during the course of disease, both before and after various treatments.
Technologies are available for the analysis of mRNA, e.g.,
Department of Pathology, University of California Irvine, CA. genes, e.g., $3-actin [4] and glyceraldehyde-3 -phosphate dehydrogenase [5] . However, the expression of these genes is also known to vary substantially under certain conditions. The most practical solution is to purify mRNA and use the same amount of mRNA for Northern blots or forRT-PCR, even though purification of the mRNA requires additional time-consuming steps. Various attemptshave been made in the pastto quantifythe amount of total mRNA in testsamples.In a classical approach, poly(A)± mRNA is purified from test samples and the final amount of purified mRNA is determined by measuring
A2;
however, this method requires a relatively large amount of starting material and multiple time-consuming steps. Johnson et al. [6, 7] , in a series of studies, chase-labeled mRNA with radioactive mononucleotides and determined the radioactivity of the purified RNA or mRNA. However, this method requires radioactive materials and does not provide the absolute amount of mRNA. In flow cytometry, Here, we report a rapid, nonradioactive, and easy-to-usemethodology to quantifythe amount of total poly(A) mRNA from crude celllysates. Cell culture. Human Jurkat and Molt-4 cells were grown in RPMI 1640 containing 100 U/mL penicillin, 100 g/mL streptomycin, and 100 mL/L FCS at 37 #{176}C in C02:air, 5:95 (by vol). U937 and HL-60 cells were grown in RPMI 1640 containing 100 mL/L FCS and were treated with 160 nmollL phorbol 12 -myristate 13-acetate (PMA) for 1-3 days to induce differentiation, as previously described [15] . In the present study, only adherent cells were used as differentiated cells. Each cell line was subcultured 2-3 times a week, and viability was always >90%, as assessed by the exclusion of trypan blue. The number of cells was determined with a hemocytometer. Northern hybridization. Various amounts of rabbitglobinmRNA were loaded onto 1% agarose gel containing 67 mL/L formaldehyde in 1 X 3-(N-morpholino)propanesulfonic acid (MOPS)
Matenals and Methods

Materials
After running the gel in lx MOPS buffer at 100 V, we transferredthe mRNA to a nylon membrane at a positive pressureof 2 kPa for90 mm (Posiblot; Stratagene) followed by ultraviolet radiation-inducedcrosslinking(Crosslinker;Stratagene). The membrane was prehybridized in hybridization buffer-0.l5 molIL NaCI, 0.015 mollL sodium citrate, pH 7.0, 20 mmolIL NaH2PO4, 70 mL/L sodium dodecyl sulfate (SDS), lOX Denhardt solution, 100 g/L dextran sulfate, 100 g/mL denatured herring sperm DNA-at 34 #{176}C for 2 h and then was hybridized with 32P-labeled oligo(dT) for 48 h at 34 #{176}C, as previously described [3] . Labeled probes were prepared with 20 U of T4 polynucleotide kinase with the use of 50 pmol of oligonucleotides and 3.7 MBq of [y-32P]ATP (1.11 EBq/mol). After the membranes were washed with washing solution(lx SSC, 10 mL/L SDS, 0.5 molJL NaCl), they were exposed to x-ray film for 3 h.
Results
MRNA SPECIFICITY
The cytosolic RNA derivedfrom 5 x I5 human mononuclear leukocyteswas first appliedto eitheroligonucleotide-free controlplatesor the oligonucleotide-immobilized GenePlate for (A) Cytosolic RNA derived from 5 x iO human mononuclear leukocytes was suspended in hybridization buffer (10 mmol/L Tris, pH 7.5, 1 mmol/L EDTA. 0.5 mol/L NaCI, 10 mmol/L VRC), and applied to either the GenePlate () or oligonucleotide-free control plates (U); all plates were treated identically. After a 1-h incubation at room temperature, unbound material was removed by aspiration and the plates were washed twice with low-salt buffer (10 mmol/L iris, pH 7.6, 1 mmol/L EDTA, 0.1 mol/L NaCl). We added 50 L of Yoyo-1 (final dilution 1:1000) to each well and measured the fluorescence intensity of each well with a fluorescent plate reader (CytoFluor 2300) with excitation and emission wavelengths of 485 nm (bandwidth 20 nm) and 530 nm (bandwidth 25 nm), respectively. To test the reversibility of hybridization, we washed some wells twice with 50 tL of boiled DEPC-water, then measured the fluorescence intensity as described above. (This experiment is reproduced many times during manufacturing of the GenePlate as part of the quality-assurance protocols.) (B) To test poly(A) specificity, we first incubated the GenePlate with either hybridization buffer (U), 10 pmol of 17-mer poly(dA) (u), or 17-mer poly(dT) oligonucleotides () at room temperature for 1 h. After hybridization, the GenePlate was washed with hybridization buffer twice to remove unbound oligonucleotides, and then rabbit globin mRNA (150 ng), cytosolic total RNA derived from 5 X iO human Jurkat cells (7.5 .sg), calf thymus DNA (500 ng), and hybridization buffer alone were applied to each GenePlate for hybridization. The Yoyo-1 fluorescence was then measured with the fluorescent plate reader. (C) Cytosolic RNA derived from 5 x iO human Molt-4 cells and 500 ng of calf thymus DNA was suspended in hybridization buffer, and then applied to the GenePlate for hybridization. After a 1-h incubation at room temperature, unbound material was removed by aspiration, and each well was incubated with either buffer alone (U), DNase (20 U/mL) (a), or RNase (10 pg/mL) () at 37 #{176}C for 30 mm. The Yoyo-1 fluorescence was then measured.
All data in A, B, and C are the mean ± SE from triplicate determinations.
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hybridization. When Yoyo-l was applied to the platesbefore hybridization, the Yoyo-l fluorescencewas significantly higher on the GenePlate than on the control plates (Fig.IA, blank) . This confirmed our previous work [13] on quantifyingthe amount of immobilized oligonucleotides by Yoyo-1.AfterRNA hybridization, Yoyo-l signalsincreasedin both plates (Fig.lA,  RNA) . However, after we added hot water to elute the mRNA and removed that mRNA by aspiration, Yoyo-I fluorescence was decreased only on the GenePlate but not on the control plates (Fig. lA, de-hyb.) .
Furthermore, high Yoyo-1 signals were obtained for samples containing mRNA or for total RNA, but not for buffer alone, DNA (Fig. 1B) 1C ).
KINETICS AND DOSE DEPENDENCY
Rabbit globin mRNA (250 gig)was applied to eithercontrol platesor the GenePlate atroom temperature for various lengths of time, afterwhich the hybridized mRNA was quantifiedby Yoyo-l. As shown in Fig. 2 , Yoyo-l fluorescence on the GenePlate increased rapidly,reaching a plateau after 1 h, whereas the low Yoyo-1 fluorescence on controlplatesremained unchanged. Similarkineticswere reproduced >10 times with various materials,including cytosolicRNA, celllysates, and synthesizedmRNA (datanot shown). Yoyo-1 fluorescenceof hybridizedrabbitglobin mRNA was increasedin proportion to the amount of applied materials up to 250 ng, whereas Yoyo-I signals of tRNA and rRNA remained unchanged (Fig. 3) . Therefore, the amount of hybridized mRNA may be quantified by comparing its Yoyo-l fluorescence with that of known concentrations of hybridized mRNA. The linearrange of hybridized mRNA on the GenePlate was -10-250 ng (Fig.3) and reached a plateauat >250 ng of mRNA (data not shown). Because -1 pmol of oligonucleotide was immobilized on the GenePlate [13] , the maximum capacity of mRNA on the GenePlate was -300 ng, calculatedfrom 1000 bases of mRNA, each with 300 Da of ribonucleotide. Therefore, the mRNA were separated by agarose gel electrophoresis, and transferred to nylon membranes, followed by hybridization with 32P-labeled oligo(dT) (Northern blotting). The Yoyo-l method was comparable with the results of Northern blot analysis (Fig.   3, inset) . We also purified mRNA from U937 cells and various mouse tissues(kidney,liver,brain,heart) by a standard ohgo(dT) cellulose-based purification procedure (MicroFastTrack; Invitrogen) and measured the mRNA by both the GenePlate assayand absorbance at260 nm. The amount of mRNA on the GenePlate was determined from the calibration curve for rabbit globin mRNA; in absorbance-based analysis, we used the formula 1.0 A260 = 40 g of mRNA per milliliter.
Yoyo-l fluorescence on the GenePlate and A260 were well correlated with each other (Fig. 4) .
QUANTIFICATION OF CELLULAR
MRNA
Because absolute values of total cellular mRNA are not well characterized, we applied the GenePlate to measurement of mRNA in variouscells. We first testedseveralsample preparation procedures for different cells and tissues. In our initial experiments, whole cells were lysed by SDS and proteinase K to release mRNA from both nuclei and cytoplasm. However, because of strong viscosity (mainly from genomic DNA and proteins),the resultingYoyo-1 signalswere not consistent. Applied RNA (ng/well) 3. Dose dependency of mRNA hybridization.
Various concentrations of rabbit globin mRNA (#{149}), tRNA (A), and rRNA (U) in a total volume of 50 L wereappliedto the GenePlatefor hybridization. TheYoyo-1 fluorescence was measured beforeand after elution as described in the text and The amount of total mRNA from various samples extracted with oligo(dT) cellulose (MicroFastTrack; Invitrogen)was measuredby both the GenePlate and A0 accordingto the relation 1.0 A260 = 40 g of mRNA per milliliter. In the GenePlate,the amount of mRNAwas determined from the calibration curvefor rabbit globin mRNA(see Fig.3 ). Both values were well correlated with each other (r = 0.918, n 10). After centrifugation at 15 000g for 5 mm. 50 L of the supematant solution was applied to each well of the GenePlate for hybridization; this was followed by mRNA measurement by Yoyo-1 as described in the text and in Figs. 3 and 4 . All data are expressed as the mean ± SE from two separate determinations, each performed in triplicate. Miura et al.: Fluorometric assay of total mRNA with oligo(dT) immobilized on microtiter plates applied to the GenePlate for hybridization. This lysis procedure is rapid, easy to manipulate, and provides consistent results.
When we used thislysis procedure,theamounts of mRNA in 1O' undifferentiated U937 and HL-60 cellswere 268.6 ± 13.1 ng (n = 8) and 282.0 ± 7.8 ng (n = 8), respectively.
Interestingly, the amount of total mRNA was decreased during PMAinduced differentiation in both celllines; by 48 h afterPMA treatment, mRNA contents in 106 differentiated U937 and HL-6Ocellswere 145.3 ± l3.9ng(n = 8,P<0.OI)and 164.7 ± 11.6 ng (n = 8, P <0.01), respectively.
RESPONSE TO SERUM DEPRIVATION/STIMULATION
Although mRNA content was constant when cells were cultured in media containing 100 mL/L FCS, the amount of cellular mRNA in undifferentiated U937 and HL-60 cells decreased within 6-12 h when FCS concentrations were changed from 100 to 5 mL/L in the culturemedia (Fig.5 ). More interestingly, mRNA amounts in both PMA-induced differentiated U93 7 and HL-60 cells remained unchanged after serum deprivation
In contrastto serum deprivation, the amount of mRNA in both undifferentiated U937 and HL-60 cells significantly increased when cells were stimulated with 100 mL/L FCS after serum starvation (5 mL/L FCS) for 24 h (Fig. 6 ). Peak mRNA amounts were reached -12 h afterserum stimulationin both celllines, and the amount of mRNA decreased in conjunction with cellular confluency (Fig. 6) .
Discussion
In the presentstudy,we demonstrate a rapid and nonradioactive method for measuring the amount of cytosolicmRNA from crude celllysates without purifyingmRNA. The assayisspecific for poly(A) sequences (Fig. 1B) and sensitive to RNase (Fig.   lC) , and hybridization is reversible (Fig. 1A) . Furthermore, the assay gives results comparable with those by conventional Northern blotting (Fig. 3) and absorbance determination at 260 nm (Fig.4) .These resultsclearlysatisfy the criteria for the measurement of poly(A) mRNA. As shown in Fig. 1A line, e.g., CaR-I human colon cancer cells, expressed--300-350 The fractionof RNA in DNA or in totalnucleicacids is ng of cytoplasmicmRNA per 106 cells without any inductionof known to vary among different cellsand providesan indicator differentiation. Moreover, human peripheralblood mononuforcellgrowth [8] and malignancy [9] . The totalmRNA content clearleukocytesexpressed-30 ng of mRNA in 106 cells, despite is also significantly higher in rapidly growing cellsthan in theirnonadherent nature (manuscript in preparation).
Thererestingcells [6, 7] . The presentstudyshowed similar results; i.e., fore,the changes in mRNA content may be more correlated the amount of totalcytosolicmRNA measured by the present with cellular differentiation than with cellular phenotype, and method was much higher in undifferentiated cells(U937 and the abundance of mRNA inundifferentiated cells may be related HL-60) than in differentiated cells (macrophage and monocyte). to increased metabolic activities, e.g., of cancer cells. Furthermore, when we removed differentiated U93 7 and Because mRNA synthesis occurs earlier than protein synthe-HL-60 cellsfrom the cultureplatesand used the microscope to sis,the changes in mRNA content are observed very quickly compare theirsizewith thatof undifferentiated cells, we found afterserum stimulation of culturedcells [6] . Interestingly, in our thatthe differentiated cells were slightly largerthan undifferenpresent studies, the response of mRNA to growth stimuliwas more sensitive in undifferentiated cellsthan in differentiated adherent CaR-l colon cancer cellswas decreased within 6 h afterserum deprivationfrom 337.9 ± 14.0ng to 102.6 ± 3.4 ng per 106 cells (n = 3) (datanot shown), we think thathyperresponsivenessto serum deprivationmay be relatedto the cellular 200 C differentiation status, not to the cell's adherent/floating characteristics.
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In conclusion, the method we describe takes <90 mm from 120 whole cellsto the finalresultsand requires no radioactive materials. Because of its simplicity, rapidity, and easy manipulation of microtiter plates, we expect that the method may be 
